Knowledge of abiotic limnological factors is important to monitor changes caused by humans, and to explain the structure and dynamics of populations and communities in a variety of inland water ecosystems. In this study, we used a long term data-set (eight years) collected in 10 habitats with different features (river channels, and connected and isolated lakes) to describe the spatial and temporal patterns of some of the principal limnological factors. In general, the degree of connectivity of the lakes, together with the rivers to which the lakes are connected, were important determinants of their limnological characteristics. These differences are expected, because rivers entering the floodplain come from different geological regions and are subject to different human impacts. At large spatial scales, these differences contribute to the increased habitat diversity of the floodplain and thus to its high biodiversity. With regard to temporal variation, Secchi-disk transparency increased, and total phosphorus decreased in the Paraná River main channel during the last 20 years. Although these changes are directly attributed to the several reservoir cascades located upstream, the closing of the Porto Primavera dam in 1998 enhanced this effect. The increase in water transparency explains biotic changes within the floodplain. The lower-phosphorus Paraná River water probably dilutes concentrations of this element in the floodplain waterbodies during major floods, with future consequences for their productivity.
Introduction
River-floodplain systems are important ecosystems in the neotropics, where they occur in great numbers, occupy large areas, and are highly diverse (Neiff, 2001; Tundisi and Matsumura-Tundisi, 2008) . The structure and dynamics of these ecosystems are maintained mainly by water-level fluctuations (Junk et al., 1989; Neiff, 1990; Agostinho and Zalewski, 1995) , but other regional factors such as temperature and photoperiod may also be important.
Although recognized as a single ecosystem, riverfloodplain ecosystems encompass a variety of habitats including lotic and lentic waterbodies, marshes, and other types of habitats completely covered by aquatic vegetation; transition zones between aquatic and terrestrial habitats; and riparian zones. These habitats differ in their physical and chemical properties in response to water depth, water velocity, and the degree of connectivity and influence of local tributaries, among other driving forces (e.g., Tockner et al., 2000; Thomaz et al., 2004; . In turn, their populations also change according to physical and chemical features (Junk et al., 1989) ; the high biodiversity at large spatial scales may be explained by habitat heterogeneity provided by differences in physical and chemical properties (Tockner et al., 2000; Marchese et al., 2005) .
In addition, floodplain physical and chemical properties are also strongly affected by the human use of river basins. In South America, reservoirs have been constructed in most of the main rivers (Tundisi and MatsumuraTundisi, 2008) , and their operation strongly affects the floodplains (Agostinho and Zalewski, 1995; Neiff, 2001; Hoeinghaus et al., 2008) .
Although the effects of water-level fluctuations on physical habitats are relatively well studied, most investigations have been carried out in Europe and North America (Leira and Cantonati, 2008) . Because of the strong influence of physical and chemical features on organisms, part of the structure and dynamics of populations and communities in floodplains can be explained by the dynamics of abiotic factors. Thus, besides offering an opportunity to monitor anthropogenic transformations in floodplains, understanding the physical and chemical aspects also helps to explain the structure and dynamics of biotic communities.
In this study, we investigated abiotic limnological factors in different habitats of the Upper Paraná River floodplain. Our main objectives were i) to examine whether the upstream reservoirs (especially Porto Primavera) affected limnological factors (mainly phosphorus and Secchi depth) and ii) to evaluate the influence of different rivers (Paraná, Ivinheima and Baía) on limnology and diversity of aquatic habitats in the floodplain. To accomplish these objectives, we assessed patterns observed over long spatial (three river channels, four lakes directly connected and another three lakes isolated from the main rivers) and temporal (eight years) scales.
Material and Methods
Water levels were measured daily by a gauge installed in the Field Station of the University of Maringá. Water samples were collected in the following environments in the Upper Paraná River floodplain (which will be referred to as "habitats"; Figure 1 ):
• Lakes Osmar, Fechada, and Ventura: these are isolated lakes that remain unconnected to the main river channel for most of the year, and receive water from overbank flow only during exceptionally high-water periods; these lakes are in the basins of the Paraná, Baía and Ivinheima rivers respectively; • Lakes Garças, Pau-véio (connected to the Paraná River), Guaraná, and Patos (connected to the rivers Baía and Ivinheima, respectively): these lakes are permanently connected to their rivers through short canals; and • Main channels of the rivers Paraná, Baía and Ivinheima. A total of 29 sample series were taken at irregular intervals (three to six months) from February 2000 to February 2008. In each of these 29 samples, water was collected with a van Dorn bottle from the sub-surface layer in one point situated in the pelagic zone of all habitats. We used only sub-surface water in our analysis because: i) our main intention was to focus on long-term (eight years) and a large spatial scale (different habitats belonging to different basins within the floodplain), and ii) all the habitats are quite shallow (in general, depths < 3.0 m, except the rivers), and previous studies (e.g., Thomaz et al., 2004) showed that physical and chemical differences in the water column are uncommon, and develop only during high-water periods. The water was immediately analyzed for pH and conductivity (Digimed portable meters), and total alkalinity (Gran titration; Carmouze, 1994) . Water transparency was measured with a 0.30 m black and white Secchi disk, and temperature and oxygen with a YSI meter.
The water samples were stored in an ice chest and taken to the University of Maringá field station, where they were filtered through GF 52-C membranes (<10 hours afde inundação. Em função das baixas concentrações de fósforo no rio Paraná, este está provavelmente diluindo a sua planície de inundação durante as grandes cheias, o que poderá acarretar em efeitos negativos para a sua produtividade no futuro.
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ter sampling) and immediately frozen (-20 °C) for further analyses of dissolved nutrients. Water was also frozen at -20 °C before filtering to measure total nitrogen and total phosphorus. Membranes were used to quantify chlorophyll (acetone extraction and reading in a spectrophotometer, according to Golterman et al., 1978) .
Total-N was analyzed with the persulfate method with oxidations of all nitrogenous compounds to N-nitrate (Bergamin et al., 1978) . This ion was determined in a spectrophotometer after reducing N-nitrite in the presence of cadmium, using a flow-injection system (Giné et al., 1980) . N-ammonium was quantified by the indophenol blue method, also read in a spectrophotometer (Mackereth et al., 1978) . Total and reactive dissolved P were measured in a spectrophotometer, according to Golterman et al. (1978) .
Because we observed clear changes of phosphorus concentration and water transparency of the Paraná River in the last 20 years (see Results), we focused more on these two variables. We used results obtained in sample series from 1986 -1988 (Thomaz, 1991 ) and 1991 -1994 (FUEM/PADCT/CIAMB, 1995 to compare with more recent data obtained from 2000-2008. Comparisons were restricted to these two variables because there were no data for dissolved nutrients from the first two periods. Total nitrogen could also not be compared, because of differences in the methods employed in these three periods.
Because of the large number of variables (11) obtained in highly diverse habitats (rivers, and connected and isolated lakes) during a long period (ca. eight years), we applied a principal components analysis (PCA) to summarize the abiotic data and search for spatial and temporal patterns. An Analysis of Variance was applied to test differences in the first principal-components scores among habitats associated with different rivers. Correlation was applied to test the relationship between the water level of the Paraná River and the concentrations of phosphorus in the lakes associated with the different rivers. All analyses were carried out with the Program Statistica 7.0.
Results

Water-level fluctuations
The water levels of the Paraná River measured from 2000 to 2008 showed a pattern with high water levels usually predominating from December to March (Figure 2 ). However, these periods were characterized by wide fluctuations over short time periods (1-7 days). The driest period was observed in 2001, when the water levels decreased to lower than 2 m. Three major floods occurred: in February-March 2002 (short duration, water 
Spatial patterns
In general, there were wide fluctuations in all variables (Table 1) . On average, oxygen concentrations were higher than 7.0 mg.L -1 and pH was close to neutral. Habitats had high turbidity (low Secchi disk depths); the Paraná River main channel had the most transparent waters. The highest levels of chlorophyll, total-N, total-P and N-NH 4 + were recorded in lakes. The highest N-NO 3 -concentrations were found in isolated lakes and in the Paraná River (Table 1) .
The first two axes of the PCA explained 50.3% of the total variability (33.6% and 16.7% on axes 1 and 2, nd-93 nd-11 nd-32 nd-19 n = 58 n = 57 n = 27 n = 29 n = 29 nd = not detected. respectively). The first axis was the only significant one according to the Broken-Stick model, and was affected positively by Secchi disk, conductivity and alkalinity, and negatively by total-P and total-N. The second axis was influenced positively by N-nitrate and negatively by chlorophyll (Figure 3a) . In general, habitats associated with each river were more similar to each other, but more dissimilar from habitats associated with other rivers (Figure 3b ). The scores of the first axis were significantly different among these three eco-regions, represented by the Paraná, Baía and Ivinheima rivers and their associated lakes (F = 57.4; p < 0.001). Fechada Lake (an isolated habitat) had the lowest scores, indicating that this lake is richer in phosphorus and nitrogen. The Paraná River main channel together with its connected habitats (Pau-Véio and Garças lakes) and the Ivinheima River had lower nutrient contents and higher water transparency (especially the Paraná main channel) (Figure 3c ). The other connected and disconnected lakes, together with the Baía River (a semi-lotic environment) had intermediate scores (Figure 3c) .
The sampling series conducted in February-March 2002 and March 2008 coincided with high waters ( levels > 4.5 m). These floods clearly increased the similarity among the habitats of the floodplain, as shown by the reduction of the differences among the first PCA scores in these two series (Figure 3d ). 3-= P-reactive, DO = dissolved oxygen, Alk = alkalinity, Cond = conductivity and Sec = Secchi disk. In c) and d): Fec = Fechada Lake, Gua = Guaraná Lake, Vent = Ventura Lake, Osm = Osmar Lake, Pat = Patos Lake, Bai = Baía River, Ivi = Ivinheima River, Gar = Garças Lake, Pau = Pau-véio Lake, and Par = Paraná River. and r = -0.28; p = 0.040; n = 55, respectively), but the correlation was not significant for the Ivinheima lakes (r = -0.11; p = 0.409; n = 53).
Long-term trends
Discussion
Spatial patterns
The wide range of several limnological variables (e.g., oxygen: 0.2-10.9 mg.L ) and chlorophyll (not detected-89 µg.L -1 ), for example, the habitats can be characterized as oligo-to hypereutrophic (Tundisi, 1990) . This wide range of abiotic conditions indicates great habitat diversity, which may partially explain the high biodiversity over large spatial scales in the floodplain (Agostinho et al., 2000) . Habitat diversity is important to explain the species richness of several assemblages in wetlands (e.g., Tockner et al., 2000; Guadagnin and Maltchik, 2007; Rolon et al., 2008) .
Part of the range obtained in our samples can be attributed to water-level fluctuations, because abiotic features are greatly affected by changes in depth and water velocity. The water levels of the Ivinheima and Baía rivers fluctuate independently of levels in the Paraná (Souza Filho et al., 2005) , and this pattern also contributes to increase habitat heterogeneity among different riverine habitats in the floodplain.
In addition, the peculiarities of each river increase this habitat heterogeneity. This was clearly shown by the PCA results, which separated habitats according to their position in the floodplain. For example, the Paraná River main channel and its connected habitats have higher water transparency and lower phosphorus concentrations; the Baía habitats have higher total-N and total-P concentrations; and the Ivinheima River habitats have 1986 -1988 and 1992 (for Secchi disk), and 1987 -1988 and 1993 -1994 (for total-P) are also shown. slightly higher N-ammonium and reactive-P. These differences may help to explain the distribution of species in the floodplain, and even the success of some species in certain habitats. For example, the increase and dominance of rooted submersed macrophytes (e.g., Egeria najas Planch. and Hydrilla verticillata (L.f.) Royle) are observed mainly in the Paraná main channel and its associated habitats, and are due to the higher water transparency of these habitats (Thomaz et al., 2009) . Similarly, the increase of peacock bass (Cichla kelberi Kullander and Ferreira, 2006) in the Paraná River may be explained by higher water transparency in this river, what has been shown for other Neotropical ecosystems (e.g., Fugi et al., 2008) .
The highest values of chlorophyll and nutrients (including all forms of nitrogen and phosphorus), together with the lowest Secchi depth values, were obtained in isolated and connected lakes. These habitats are quite shallow (in general, depths < 3.0 m), which favors sediment resuspension through wind action and diel mixing, with consequent inputs of seston and nutrients to the water column. This process occurs mainly during low-water periods, and is common in lakes of many river-floodplain systems (Esteves et al., 1994; Carvalho et al., 2001) . Fertilization during high-water periods may also occur from river contribution and/or plant biomass decomposition, what also decreases oxygen in water column (Camargo and Esteves, 1995; Pagioro and Thomaz, 1999; Taniguchi et al., 2004; Thomaz et al., 2004; Bianchini Jr. et al., 2008) . However, in the Paraná floodplain fertilization from rivers during floods is important only habitats connected to the Baía and Ivinheima rivers, which carry more nutrients than the Paraná River (see " Long-term trends", below).
Our data also suggest that the floodplain aquatic habitats become more dissimilar during low-water periods (see Figure 3d ). Similar patterns have been widely described (e.g., Tockner and Ward, 1999; Amoros and Bornette, 2002; Taniguchi et al., 2004; Thomaz et al., 2007; Palijan et al., 2008) , and are caused mainly by the influence of local driving forces during low-water periods and by the increased connectivity and exchange of materials and organisms during high-water periods. The consequences for biodiversity maintenance can also be important, as highlighted by Thomaz et al. (2007) .
Long-term trends
Two clear changes were observed when comparing the present data set with data obtained in the 1980-1990s: an increase in Secchi depth, and a decrease in phosphorus concentrations in the Paraná River. These modifications coincided with the closing in 1998 of the Porto Primavera Reservoir, located just upstream from the floodplain. Reservoirs trap sediments and phosphorus (Thornton, 1990; Henry and Nogueira, 1999) . Although Porto Primavera may have accelerated these changes, they are also caused by the several reservoir cascades in the Upper Paraná basin, which existed before the Porto Primavera construction. High retention of phosphorus together with increase in water transparency has been shown, for example, in the reservoir cascade of the Tietê River, located upstream from the floodplain (Barbosa et al., 1999) . In the Paranapanema River, also located upstream from the floodplain, an increase in phosphorus occurs in the middle of the cascade, but the water released by the last reservoir also has low phosphorus concentrations (Nogueira et al., 2006) . Thus, it is tempting to conclude that the reservoir construction, in addition to increasing water transparency, has changed the nutrient dynamics in the entire floodplain. As a result, the water from the Paraná River, which carries very low P concentrations (total-P concentrations usually < 12 µg.L -1 ; see Figure 4 ), is probably diluting the floodplain during floods, which may well have negative consequences for this ecosystem over the long term.
This suggestion was confirmed by the correlations observed between the Paraná River water level and the phosphorus concentrations in the floodplain lakes. During major floods, when the Paraná water covers the entire floodplain (as in February-March 2002 , January-February 2005 , and January-March 2007 , the dilution effect may be very important and may affect the entire floodplain. On the other hand, during normal, smaller floods, dilution probably occurs only in the lakes directly connected to the Paraná River, and to a lesser extent in habitats connected to the Baía River. The Ivinheima habitats are probably not affected by dilution, except during major floods. This scenario was also confirmed by our correlation data, which showed that the relationship between total-P of the Ivinheima lakes and the Paraná water level becomes non-significant if major flood events are removed from the analyses. Thus, in contrast to the Paraná River, the Baía and especially the Ivinheima rivers may make important contributions of nutrients to their associated lakes. In turn, differences in nutrients may explain spatial patterns observed between habitats in the floodplain. Higher periphyton biomasses, for example, are usually measured in the Ivinheima River, which carries more phosphate than the Paraná (Leandrini et al., 2008) .
In summary, our results revealed wide variability in the physical and chemical characteristics of habitats in the floodplain, which is caused by the distinct characteristics of the rivers that enter the plain. This high habitat heterogeneity may have an important role in maintaining the biological diversity over large spatial scales in the floodplain. The long-term data indicated a steep increase in water transparency and decrease in phosphorus of the Paraná River water after 2000. These changes, caused by the cascades of reservoirs located upstream from the floodplain, were probably enhanced by the construction of the Porto Primavera Reservoir just upstream from the floodplain. We predict that these alterations i) facilitated the colonization of the floodplain by species (both exotic and native) that depend on underwater radiation (e.g., submersed plants and visual predators, already noted in the floodplain waterbodies) and ii) will reduce the productivity of the floodplain over long time scales. These conclusions must considered for the development of management plans to maintain the biodiversity and the ecosystem functions of this important stretch of the Paraná River.
